Anisotropy of magnetic susceptibility (AMS) has been used in various studies related to interpreting the direction of lava flow, some of which have shown ambiguity with regard to the data generated. In this study, we explored an alternative option to support the aforementioned application, using lava flow type igneous rock samples from the Ijen Volcanic Complex, East Java, Indonesia. We have investigated the preferred rock pore orientations from micro-computed tomography (µCT) images and quantified their directions. We then calculated their correlation with AMS data by calculating the angle between preferred pore orientation. The axis with the smallest gap to the preferred pore orientation of each sample was assumed to imply lava flow direction. Different lava flow direction preferences were obtained from different magnetic ellipsoids. Another important factor for consideration is the relative vertical position of the sampling site within a single lava flow unit. Only one out of five samples (ANY2) show good quantitative conformity between AMS data, preferred pore orientation, and topographical slope, despite these limitations. Our results point to a direction that seems to be correct and coherent on a physical basis. Additional research would likely clarify the issues involved. This encourages us to explore and work further in this field of research.
Introduction
Anisotropy of magnetic susceptibility (AMS) is defined as the characteristic of a rock that has different values of magnetic susceptibility if measured by different angles or directions. This particular parameter has been used in previous studies, most commonly to determine lava flow direction [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, the results of these studies are inconsistent: Some concluded that flow direction was parallel to the maximum susceptibility axis [1] [2] [3] [4] ; one study indicated that the intermediate susceptibility axis flow direction tended to be parallel [5] ; another study [6] showed that there were differences in the characteristics between the end and toe of a lava flow. In addition, other studies concluded that AMS was not always reliable for indicating lava flow direction [6] [7] [8] [9] . The study in reference [11] on Xitle lava in Mexico showed no correlation between lava flow direction and the maximum or intermediate susceptibility axes. These contradictory results could be accommodated by considering the local lava flow direction. Based on these inconsistencies, it is difficult generalize statements regarding the correlation between AMS and lava flow direction [12] . Nevertheless, the correlation between AMS and lava flow direction is undeniable [13] .
Hence there is a need to introduce another parameter to the equation that can facilitate interpreting lava flow direction using AMS data. In this study, we proposed pore orientation as an auxiliary parameter in lava flow direction interpretation. When pressure drops during rock formation, vesicles are formed, causing an increase in gas content inside magma under saturated conditions [14] . The trapped gas then diffuses from the newly-formed rock, forming empty space within it. By analyzing the preferred pattern of pore orientation, we can predict lava flow direction. The long-axis and inclination of vesicles/pores inside the rock can indicate the movement of lava at the time of rock formation [15] . Obstacles on the ground can disturb lava movement, causing tilting of flattened vesicles towards their source [16] . We analyzed lava flow direction using images of pores inside the specimens. The images were generated using the micro-computed tomography (µCT) method, which has been applied for geoscience purposes in several studies [17] [18] [19] [20] [21] [22] .
The aim of our study was to identify alternatives in lava flow direction interpretation using AMS data, to specifically correlate AMS with the preferred pore orientation. Only a few studies have previously combined AMS and pores/vesicles analysis [9, 23] . In this paper, we discuss our results correlating AMS data and pore orientation obtained from the µCT images relevant to their implication on lava flow direction. This study is one of the first attempts to combine these two parameters in this context, which could be a new solution to the problem encountered in previous studies.
Samples and Measurements

Samples
We used five lava samples from five different outcrops in the Ijen Volcanic Complex, West Java, Indonesia (Figure 1 ), the outcrops of which have been the sites of previous research [24, 25] . Identifying mineralogy, texture, geochemistry, and rock magnetic properties of lavas, which were resulted from Ijen Crater and Mount Anyar eruptions was performed in a previous study [25] . Four samples (ANY1, ANY2, ANY3, and ANY4) are products of Mount Anyar's eruption. Meanwhile, another sample (IJ1) was the product of Ijen Crater's eruption. The eruptions occurred about 2590 years ago [26] . The characteristics of all samples (based on reference [25] ) are shown in Table 1 .
Sample locations in the lava body were different. ANY1 and IJ4 were positioned relatively at the bottom part of the lava body, while others were found in the upper part. ANY3 and ANY4 were taken from the surface of the flow, while ANY2 was found relatively below them. No samples were taken from the middle part of the lava body, because usually samples from this zone are more compact with no visible vesicles. This sampling method was applied to investigate the effect of sample location in the lava body to the characteristics of anisotropy and pore distribution in the lava sample. In addition, outcrop sites have different slopes: IJ4 site had a slope~20-25 degrees with northwest relative direction; ANY1, ANY2, ANY3, and ANY4 sites had directions relative to the northeast with~35-40 degree slopes. Slope data were taken from the topography map created by the Geospatial Information Agency (Badan Informasi Geospasial, BIG) of the Republic of Indonesia. We converted the topography map to slope map using ArcGIS software (by ESRI, Redlands, CA, USA).
Lava samples obtained from the field were then prepared to form cylindrical cores, six of each (from now on will be referred as specimens) at the Faculty of Mining and Petroleum Engineering, Institut Teknologi Bandung. The dimension of each core was 2.5 cm in diameter and 2.2 cm in height. All specimens were used in magnetic susceptibility measurements. One specimen of each hand sample was used to generate a pore distribution image using the µCT method.
generates high energy X-ray beams that can penetrate high-density rocks. The principle of this device is based on X-ray attenuation when the radiation passes the specimen, where high density corresponds to high attenuation. This process allowed us to differentiate between the solid parts and pores of the sample using the gray threshold [30] . A previous study has shown that porosity measurement results obtained using the CT method were similar to the results obtained using conventional methods [31] .
The Ijen Volcanic Complex map shows the distribution of volcanic products and eruption centers. Red dots indicate the sampling sites (modified from reference [25] ).
To produce a 3D image, the object is rotated inside the device and the measurements are taken at particular degrees with constant increments. The raw datasets obtained using the instrument are then reconstructed to create a whole image of the samples using NRecon software (by Bruker MicroCT). After reconstruction, the images were then filtered using BLOB3D software (by The High-Resolution X-ray Computed Tomography Facility at The University of Texas at Austin/UTCT) [32] to differentiate between the solid part-referred as matrix-and the pores within the specimens. The process was done by filtering the pores from the matrix using the grayscale filter. In general, pores have low grayscale values, while matrices have relatively higher values. After filtering, the pores can be observed. Black and greyish hues were representative of the solid parts and the pores, respectively. These filtered images were then analyzed using the Directionality plugin from ImageJ program (developed by Wayne Rasband as an open source software) [33] in order to identify the pores' 
Anisotropy of Magnetic Susceptibility
Magnetic susceptibilities of rocks can have different values, depending on their measurement direction. In a three-axis coordinate system, three principal magnetic susceptibilities exist: K 1 , K 2 , and K 3 , known as maximum susceptibility, intermediate susceptibility, and minimum susceptibility, respectively with K m as their mean value (K m = (K 1 + K 2 + K 3 )/3). In an isotropic medium, these three susceptibilities are equal in magnitude. However, in an anisotropic medium, the magnitudes are different, with the relationship K 1 > K 2 > K 3 . We also used the degree of anisotropy (P%) defined as ratio between K 1 and K 3 , rationalized by 100% to determine a sample's anisotropy. P j is a corrected anisotropy degree and defined as
Magnetic susceptibility measurements were conducted using a Bartington Susceptibility Meter MS2 instrument at the Faculty of Mining and Petroleum Engineering, Institut Teknologi Bandung. The measurements were carried out in in six directions: Up-down (A1), north-south (A2), east-west (A3), north-east (A4), north-down (A5), and east-down (A6) modified from the original nine directions technique [27] . Each measurement was conducted in low-frequency (χ LF ), at 470 Hz [28, 29] . For quality control, we conducted the measurements three times for each direction, and the standard deviation was no more than 2%.
Pore Orientation
Micro-computed Tomography (µCT) imaging is based on X-ray tracing while passing through a medium. In this study, the imaging process was conducted using a Bruker MicroCT Scanning Devices-SkyScan 1173 instrument at the Faculty of Mathematics and Natural Sciences, Institut Teknologi Bandung. This method is not destructive, with no damage to the specimens. The device generates high energy X-ray beams that can penetrate high-density rocks. The principle of this device is based on X-ray attenuation when the radiation passes the specimen, where high density corresponds to high attenuation. This process allowed us to differentiate between the solid parts and pores of the sample using the gray threshold [30] . A previous study has shown that porosity measurement results obtained using the CT method were similar to the results obtained using conventional methods [31] .
To produce a 3D image, the object is rotated inside the device and the measurements are taken at particular degrees with constant increments. The raw datasets obtained using the instrument are then reconstructed to create a whole image of the samples using NRecon software (by Bruker MicroCT). After reconstruction, the images were then filtered using BLOB3D software (by The High-Resolution X-ray Computed Tomography Facility at The University of Texas at Austin/UTCT) [32] to differentiate between the solid part-referred as matrix-and the pores within the specimens. The process was done by filtering the pores from the matrix using the grayscale filter. In general, pores have low grayscale values, while matrices have relatively higher values. After filtering, the pores can be observed. Black and greyish hues were representative of the solid parts and the pores, respectively. These filtered images were then analyzed using the Directionality plugin from ImageJ program (developed by Wayne Rasband as an open source software) [33] in order to identify the pores' preferred orientation. This plugin analyzed the structures, i.e., the pores, in the input images and computed a histogram of the structure's amount of directions. This histogram was calculated using either local gradients orientation method or Fourier components analysis. Local gradients orientation is a local method that calculates the image using a 5 × 5 Sobel filter to derive the local gradient orientations. Meanwhile, the Fourier components analysis uses Fourier transform to transform the images and computes the images' Fourier power spectra. The results from these two methods can automatically computed by the Directionality plugin. A preferred pore orientation was analyzed from the histograms and their respective rose diagrams. Table 2 shows the magnetic anisotropy parameters for all specimens. Samples from Mt. Anyar were more anisotropic than samples from Mt. Ijen Muda. T indicates the shape parameter of each specimens [34] and is defined as
Results
Magnetic Anisotropy Parameters
. Positive value T > 0 means that the specimen has oblate shape while negative value T < 0 indicates prolate shape [35] . It is important to note that within the same sample, specimens might have either prolate or oblate shapes. From all specimens, only IJ4 had an overall positive value, indicating the sample has oblate shape ( Figure 2 ), in contrast with ANY1, ANY2, and ANY3, which had overall negative value. Meanwhile, ANY4 had an equal number of positive and negative valued specimens. Notes: K m = mean susceptibility; T = shape parameter; L = lineation; F = foliation; P j = corrected degree of anisotropy; P% = degree of anisotropy; P% mean = mean of degree of anisotropy. ANY1 had the lowest percentage of porosity and smallest pore space. This is different from other Mt. Anyar samples (ANY2, ANY3, ANY4), which have a larger pore space. IJ4 fell somewhere in between, despite coming from a different eruption source, which could be caused by the sampling position relative to the lava body. The upper part of a lava flow usually has a larger and higher vesicle density content [39, 40] .
For specimens, the preferred pore orientations were calculated using the Directionality plugin from ImageJ. We calculated the preferred orientations from the horizontal slices to obtain declination, and from vertical slices to obtain inclination. Vertical slices were cut parallel to the North direction. The preferred orientation and the distribution of pore orientations are better presented with rose diagrams calculated from the directional histograms. The rose diagrams are shown in Figure 5 and Figure 6 . The values ( Table 5) were calculated by the Directionality plugin. The degrees of anisotropy for samples used in this study were 1%-8%. These values were typical for basaltic lava flows, which usually less than 10% [5, 27, 36, 37] . Overall, samples from Mt. Anyar had higher degrees of anisotropy on average compared to samples from Mt. Merapi and Mt. Ijen Muda. ANY3 had the highest degree of anisotropy on average. P% variations between the core samples from the same rock specimen were observed. However, the variations were relatively small.
Direction of the Principal Susceptibilities
All three axes of susceptibility (K 1 , K 2 , and K 3 ) were projected onto an equal area stereograph to better represent the declination and inclination of the axes (Figure 3 ). Mean vectors with their respective circle of confidence calculated using Jelinek statistic [38] gave a statistical insight into the degree of data scatter, represented by the 95% area of confidence (shown as circles of confidences in Figure 3 ), and how reliably they infer flow direction. The mean values (Table 3) ANY1  13  10  107  21  259  67  ANY2  27  55  143  17  243  29  ANY3  45  46  311  4  218  44  ANY4  55  37  308  22  194  45  IJ4  88  34  339  26  220  45 The maximum axes in all samples generally clustered, except for ANY1 and ANY2, whereas the maximum axes were more scattered and had wider circles of confidence. Intermediate axes were always scattered with shallow inclination or had a low level of confidence. ANY3 and ANY4 had the highest level of confidence for their maximum axes.
Sample
Direction of Mean Principal Susceptibility Axes
K 1 K 2 K 3 Dec ( • ) Inc ( • ) Dec ( • ) Inc ( • ) Dec ( • ) Inc ( • )
Pore Distribution
Pore distribution images obtained using the micro-computed tomography (µCT) method are shown in Figure 4 . The images show pore distribution cut horizontally (round images) and vertically (rectangular images). The differentiation between the specimen's solid and hollow parts was based on the grayscale filter. We calculated the porosity of each specimen (Table 4 ) using CTAn software (by Bruker MicroCT, Kontich, Belgium). In accordance with a previous study [31] , the result from µCT and thin-slice showed a very good relationship in the porosity percentage, except for ANY1. However, it was expected given that ANY1 had a low value of porosity. The lower the value of porosity, the calculation of porosity using thin-slice becomes less accurate. The images confirmed the porosity values, where ANY1 and IJ4 had significantly less pore space compared to ANY2, ANY3, and ANY4. Table 4 . Porosity percentage comparison between micro-CT method and thin-slice [25] .
Sample
Porosity Percentage ANY1 had the lowest percentage of porosity and smallest pore space. This is different from other Mt. Anyar samples (ANY2, ANY3, ANY4), which have a larger pore space. IJ4 fell somewhere in between, despite coming from a different eruption source, which could be caused by the sampling position relative to the lava body. The upper part of a lava flow usually has a larger and higher vesicle density content [39, 40] .
For specimens, the preferred pore orientations were calculated using the Directionality plugin from ImageJ. We calculated the preferred orientations from the horizontal slices to obtain declination, and from vertical slices to obtain inclination. Vertical slices were cut parallel to the North direction. The preferred orientation and the distribution of pore orientations are better presented with rose diagrams calculated from the directional histograms. The rose diagrams are shown in Figures 5 and 6 . The values ( Table 5) were calculated by the Directionality plugin.
Geosciences 2019, 9, x FOR PEER REVIEW 10 of 14 the most indicated region to obtain lava flow direction from AMS [44] . It also should be noted that ANY2 has the lowest average of degree of anisotropy. In contrast, the results for ANY1, ANY3, and ANY4 show that the preferred pore orientations are not close to the maximum axes, but instead are nearly perpendicular to each other. For both ANY3 and ANY4, despite their relatively good AMS fabric, this can be considered as the effect of larger size and population of pores [45] , as ANY3 and ANY4 are both taken from the upper part of the lava flow [41, 42] . This could make the distribution of the pore space more ambiguous because the directions are evenly distributed. The software used to determine the pore direction (Directionality plugin from ImageJ) calculates all possible directions of the pores. Therefore, larger size and population tend to make the calculated direction more evenly distributed. In addition, AMS can be disturbed in the upper part of lava with high concentration of vesicles [11] , making it more scattered [41] . Considering the topographical slopes of all Mt. Anyar samples, the preferred pore orientations of all samples (Table 5 ) should be to the northeast direction. Instead, for both ANY3 and ANY4 they are shifted nearly 180 degrees. This suggests that the rock bodies of ANY3 and ANY4 had undergone several geological deformations. As shown in Figure 1 , both were taken near a fault line. Thorough examination of both rock bodies is needed for more accurate results.
A different case is observed with IJ4. The result shows that the preferred pore orientation is not consistent with the topographical slope. It is nearly parallel with the minimum susceptibility axis, making it nearly perpendicular to the intermediate and the maximum axes. In this case, all three parameters show no positive correlation. If the assumption of relative sampling position used for ANY2 taken into account, IJ4 should show a good conformity within all parameters. This can be accommodated by considering its magnetic ellipsoid, which are mostly oblate. However, the effect of exact sampling position within the same zone in a lava body and magnetic ellipsoid for both pore orientation and AMS is still not thoroughly defined. Further examination of the vertical position effects within the lava body relative to the orientation of vesicles is needed.
Conclusions
Only one out of five samples (ANY2) show good quantitative conformity between AMS data, preferred pore orientation, and topographical slope. Although ANY1 has a relatively large angle between the preferred pore orientation to all susceptibility axes, the relative direction of all parameters is to the northeast-southwest. A different case is observed with both ANY3 and ANY4 where the preferred pore orientations seem to be shifted nearly 180 degrees. The sampling sites were near a fault line, making it possible that the rock bodies had undergone some deformations. In the case of IJ4, all parameters showed no positive correlation. It should be noted that for all samples except ANY2, the preferred pores orientation lay nearly perpendicular to the maximum susceptibility axis. The different results obtained for each sample maybe influenced by the sample's magnetic ellipsoid and the relative vertical position of the sampling site within a single lava flow unit. The upper part usually has bigger size and pore density, which can disturb AMS data and pore/vesicle orientation. Based on the results of this study, it is advisable to take the samples from the lower part of the flow-which usually have sufficient pores and good AMS data-to determine lava flow direction. As can be seen in the cases of ANY3 and ANY4, another important factor to consider in this analysis is the geological condition of the rock bodies, which in the case of this study was the change of rock bodies' orientations, made apparent by the presence of a fault line. Despite the limitations in statistical aspects, the structure and the results of this study are encouraging and shall be explored further. Acknowledgments: We thank Richard Ketcham for the fruitful discussion we had through e-mail. We also 
Discussion
Using AMS to interpret lava flow direction has not always been successful [6] [7] [8] [9] , however, the implications are undeniable [13] . The most common conclusion is that a specimen with normal fabric will have the maximum axes lay parallel to the flow plane [1] [2] [3] [4] . Following this, other studies concluded that the maximum axes would be parallel with the flow plane only if the lava had a laminar flow [41] , or it will be parallel to the local lava flow direction [11] . A general geometry of magnetic fabric can be seen in most cases (Figure 3) , with ANY3 and ANY4 being the most well-defined, in contrast with ANY1.
Based on the topographical slope, ANY1, ANY2, ANY3, and ANY4 have a relative slope with northeast direction. This confirmed by the maximum susceptibility axes of all samples from Mt. Anyar. On the other hand, IJ4 has a relative slope to the northwest direction while its maximum susceptibility axis has the declination of 88 • . In the case of IJ4, the topographical slope is closely parallel to the intermediate susceptibility axis. These conditions are likely related to the magnetic ellipsoid shape of each sample, where samples from Mt. Anyar generally (except ANY4) have prolate shapes (highly influenced by the maximum axis), while the sample from Ijen crater has overall oblate shape.
We investigated the possibility that analyzing pore orientation is reliable enough to support AMS data. Qualitatively, all samples from Mt. Anyar have the direction of the declination of the axis of the preferred pore orientation relative to the northeast-southwest, as shown in Figure 5 . This coincides with the direction of topographical slopes and the mean vector of the maximum susceptibility axes. In the case of IJ4, the axis of the preferred pore orientation lays parallel with the maximum susceptibility axis but perpendicular to the topographical slope.
The inclinations of the axes of preferred pore orientation are represented by the rose diagrams shown in Figure 6 . In order to determine the actual direction from the axes, we observed the direction of which the inclination is positive (below the north-south axis on the rose diagrams). Based on this, we chose the value of the declination and inclination of preferred pore orientation of each sample and later calculated their correlations with their respective AMS data. Table 5 shows the calculated preferred pore orientation for each sample. In order to find the correlation between AMS and pore orientation, we calculated the angle between the preferred orientations and all susceptibility axes of each sample using Stereonet program (developed by Richard Allmendinger) [42, 43] (Table 5 ). The axis with the smallest gap to the preferred pore orientation of each sample is assumed to imply the lava flow direction. Following this assumption, it can be observed that the flow directions of ANY2 lay closer to the maximum axes, while it is closer to the minimum axes for ANY1, ANY3, ANY4, and IJ4.
These results are consistent only with the topographical slopes of ANY2. The sample was taken from the lower part of the lava flow, shows good conformity between AMS (respective to the susceptibility axis), preferred pore orientation, and topographical slope. This may be because the lower zone usually has less density and size of vesicles than the upper part. In addition, it usually is the most indicated region to obtain lava flow direction from AMS [44] . It also should be noted that ANY2 has the lowest average of degree of anisotropy.
In contrast, the results for ANY1, ANY3, and ANY4 show that the preferred pore orientations are not close to the maximum axes, but instead are nearly perpendicular to each other. For both ANY3 and ANY4, despite their relatively good AMS fabric, this can be considered as the effect of larger size and population of pores [45] , as ANY3 and ANY4 are both taken from the upper part of the lava flow [41, 42] . This could make the distribution of the pore space more ambiguous because the directions are evenly distributed. The software used to determine the pore direction (Directionality plugin from ImageJ) calculates all possible directions of the pores. Therefore, larger size and population tend to make the calculated direction more evenly distributed. In addition, AMS can be disturbed in the upper part of lava with high concentration of vesicles [11] , making it more scattered [41] .
Considering the topographical slopes of all Mt. Anyar samples, the preferred pore orientations of all samples (Table 5 ) should be to the northeast direction. Instead, for both ANY3 and ANY4 they are shifted nearly 180 degrees. This suggests that the rock bodies of ANY3 and ANY4 had undergone several geological deformations. As shown in Figure 1 , both were taken near a fault line. Thorough examination of both rock bodies is needed for more accurate results.
Conclusions
Only one out of five samples (ANY2) show good quantitative conformity between AMS data, preferred pore orientation, and topographical slope. Although ANY1 has a relatively large angle between the preferred pore orientation to all susceptibility axes, the relative direction of all parameters is to the northeast-southwest. A different case is observed with both ANY3 and ANY4 where the preferred pore orientations seem to be shifted nearly 180 degrees. The sampling sites were near a fault line, making it possible that the rock bodies had undergone some deformations. In the case of IJ4, all parameters showed no positive correlation. It should be noted that for all samples except ANY2, the preferred pores orientation lay nearly perpendicular to the maximum susceptibility axis. The different results obtained for each sample maybe influenced by the sample's magnetic ellipsoid and the relative vertical position of the sampling site within a single lava flow unit. The upper part usually has bigger size and pore density, which can disturb AMS data and pore/vesicle orientation. Based on the results of this study, it is advisable to take the samples from the lower part of the flow-which usually have sufficient pores and good AMS data-to determine lava flow direction. As can be seen in the cases of ANY3 and ANY4, another important factor to consider in this analysis is the geological condition of the rock bodies, which in the case of this study was the change of rock bodies' orientations, made apparent by the presence of a fault line. Despite the limitations in statistical aspects, the structure and the results of this study are encouraging and shall be explored further. 
